We have measured v sin i and metallicity from high-resolution spectroscopic observations of a selected sample of dM1-type stars.
I N T RO D U C T I O N
Rotation is at the centre of the magnetic activity problem in stars. It is well established that the most active stars are also the fastest rotators (e.g. Delfosse et al. 1998; Pizzolato et al. 2003) . However, very little is known about the slower rotators. Houdebine & Stempels (1997, hereafter Paper VI) showed that main-sequence stars of spectraltype M1 cover a whole range in magnetic activity, from low basal levels to the most active AU Mic or Gl 616.2. As yet, we do not know if magnetic activity depends on rotation at intermediate and low levels. We know that there is a dependence with stellar radius (Paper VI), but we do not know the role of rotation. One of the aims of this paper is to measure the rotation for the same stellar sample as in Paper VI.
In Paper VI, we found important correlations between activity indices and stellar radius for dM1 stars, but we do not know the role played by metallicity in these correlations. Whereas metallicBased on observations collected at Observatoire de Haute Provence and the European Southern Observatory and on Hipparcos parallax measurements. †E-mail: eric_houdebine@yahoo.fr ity plays a direct role in the formation of the Ca II resonance lines, it is also expected to decrease with decreasing radius for a dM star at a given effective temperature (e.g. VandenBerg et al. 1983) . However, we also found (Paper VI) from the measurements of Hα and L x that magnetic activity decreases with decreasing stellar radius because these activity indicators are much less sensitive to metallicity. We will confirm that magnetic activity indeed decreases with stellar radius at a given effective temperature in a companion paper (Houdebine, in preparation, Paper VIII) . Because both metallicity and magnetic activity decrease with decreasing radius (it is well known that metallicity decreases with decreasing luminosity; for instance metal-poor subdwarfs are subluminous), we can also say that magnetic activity decreases with decreasing metallicity. Metallicity is not supposed to play a direct role on magnetic activity since in the stellar interior hydrogen is fully ionized. But it plays a role on the stellar radius, which as we will see in Paper VIII is correlated to magnetic activity.
The real free parameters are mass and metallicity. They control the stellar interior through, respectively, thermonuclear fusion and the surface radiative output. Metallicity indeed acts on the stellar radius because it controls the radiative distribution throughout the C 2008 The Author. Journal compilation C 2008 RAS spectrum. In fact, small metallicities shift the stars towards higher effective temperatures for a given mass compared to solar metallicity stars (e.g. Baraffe et al. 1998) . This means that for a sample of stars with identical effective temperatures, which is the case in this paper, the stellar mass decreases with decreasing radius. The mass therefore decreases with decreasing metallicity in our sample.
One could also argue that magnetic fields influence the stellar radius. Morales, Ribas & Jordi (2008) have shown that single active dwarfs have radius several per cent larger than their inactive counterparts. Mullan & MacDonald (2001) have shown that magnetic activity can enhance the radius of an active star. There should therefore be three independent parameters that control the radius of an M1 dwarf: mass, metallicity and magnetic activity. However, magnetic activity seems to play a significant role mostly for very active dwarfs (Hα in emission). Here, we analyse the influence of mass and metallicity on radius because most of our stars are low-activity dM1 stars. We will analyse and discuss the effects of magnetic activity in Paper VIII.
Here, since all our stars have nearly the same temperature, we can investigate the dependence of metallicity on stellar radius. Also, metallicity is one of the important parameters for chromospheric modelling: in (hereafter Papers III), (hereafter Paper IV), Houdebine et al. (1996) (hereafter Paper V) and Paper VI (see also Doyle et al. 1994 ), we assumed a solar metallicity when we knew that metallicity decreases with magnetic activity (Houdebine, in preparation, Paper VIII) .
With the help of accurate parallaxes from Hipparcos, we try to derive the metallicity directly from the radius. The correlations between rotation and metallicity and magnetic activity are studied in a companion paper (Paper VIII).
O B S E RVAT I O N S A N D DATA R E D U C T I O N
Most of the observations presented here were acquired on the 1.93-m telescope at Observatoire de Haute Provence, equipped with the ELODIE spectrograph. ELODIE is a cross-dispersed echelle spectrograph with an original optical design that yields evenly spaced orders (see special issue of La Lettre de l'OHP 1995). The principal objective in building this spectrograph was to detect exoplanets. It was therefore designed to be very stable in wavelength. The spectral coverage is from 3890 to 6820 Å with a resolving power of about 45 000.
For most of the data, we used the automatic reduction procedure made available by Queloz (1994) . The scattered inter-order light was extracted, fitted and subtracted. We found good agreement between the two methods. The scattered light is important in the blue but rapidly becomes negligible in the red. Different orders of the echelle spectra were merged by averaging and scaling overlapping wavelength domains. In the overlapping domains, successive orders were in good agreement with scaling differences of the order of 10 per cent.
Some of our observations were acquired with the European Southern Observatory (ESO) Coudé Auxiliary Telescope (CAT) equipped with the Coudé Echelle Spectrograph and a CCD detector. We selected the slit width to obtain a spectral resolution of 50 000, slightly higher than our ELODIE spectra. The ESO data were obtained in 1990 March. A standard CCD reduction procedure was applied to our spectra.
We recall that in order to isolate stars with close photospheric structures and effective temperatures, our stars were selected according to their R − I infrared colour, which is an appropriate effective temperature indicator (Leggett 1992 Eggen (1974) , Rodgers & Eggen (1974) , Eggen (1976a Eggen ( , 1976b Eggen ( , 1978 Eggen ( , 1979 Eggen ( , 1980 , Weis & Upgren (1982) , Upgren & Lu (1986) , Eggen (1987) , Booth, Caruso & Weis (1988) , Leggett & Hawkins (1988) , Bessel (1990) , Weis (1991a,b) , Dawson & Forbes (1992) , Leggett (1992) and Weis (1993) . We used the formulae given by Leggett (1992) to convert R − I from the Kron system to the Cousins system.
We calculated the effective temperature for each star according to equation (14) in Paper VI. This is based on the work of Jones et al. (1994) . The stellar radii were calculated according to equation (15) in Paper VI. We list these values in Table 1 and plot the effective temperature as a function of stellar radius in Fig. 1 . One can see that the radius spreads evenly over a factor of 2.2 for normal dwarfs between 0.4 and 0.87 R , while the effective temperature remains in a 120 K band (with the exception of Gl 229 which is a bit hotter). Only a few stars have abnormally large radii. According to their spectra, they are either pre-main-sequence dMe (Gl 616.2, GJ 1264) or slightly evolved stars (Gl 301A, Gl 570B). We do not believe at this stage (Paper VIII) that magnetic fields are responsible for the abnormally large radii of these dM1e stars. Indeed, other dM1e stars have normal dwarf radii (Table 1) . However, this needs to be confirmed by numerical simulations. We are inclined to believe that these two dM1e stars are among the rare young field dwarfs that have not yet contracted to the main sequence. In our sample, we identified two stars (McC 69 and McC 169) as subgiants from their Hα spectrum (Paper VI). Unfortunately, we do not have parallaxes for these stars. Although Gl 301A and Gl 570B also have abnormally large radii, the Hα and Ca II EW do not seem abnormal. They are probably evolved 0.8 M stars (Herwig 2003) .
Our sample of M1 subdwarfs is a bit less dense, and their average temperature is slightly larger than for M1 dwarfs. There are also a couple of marginally hotter subdwarfs. If one includes these subdwarfs, the range of variation in radii is a factor of 7.5 from 0.116 to 0.87 R (Table 1)! Our radii calculations rely on the spectral classification and effective temperature determination of Jones et al. (1994) . However, there remain some uncertainties in these determinations. In the literature, we found 12 interferometric measurements for eight of our stars. We list the average of these measurements in Table 1 . Some measurements are in good agreement with ours. However, on average, interferometer measurements give radii 11 per cent less than ours. At this stage, though quite reasonable, this systematic difference is not explained. We note, for instance, that Gl 15A interferometer measurements vary from 0.201 to 0.383 R , a difference of 62 per cent! We believe the current interferometer measurements need to be confirmed before we draw any conclusion. In any case, it is important to note that all our stars have exactly the same spectral type. As a result, even if a small systematic error occurs, it will not alter the findings of this paper.
In our dM1e sample, only St 497, Gl 616.2, Gl 803 and Gl 867A are probably free from close binary interaction. Their mean radius is 0.848 R . This can be compared to the mean radius of our inactive M1 sample: 0.513 R . This is partly explained by the fact that M1 dwarfs are more metal poor than the young single dM1e stars (see Table 1 ). But, we cannot exclude the fact that the large radii of single dM1e stars may be influenced by magnetic activity (Mullan & MacDonald 2001) .
An important finding is that, as far as the radius is concerned, there seems to be a homogeneous population which was not the Table 1 . Parameters for the stars in our sample. Other sources for v sin i are MC, Delfosse et al. (1998) and Reiners (2007) . We put in parentheses our measurements below 2 km s −1 and MC's measurements below 3 km s −1 . Metallicities are from Mould (1976 Mould ( , 1978 , Jones et al. (1996) , Gizis (1997) , Zboril & Byrne (1998) , Bonfils et al. (2005) and Woolf & Wallerstein (2005) . case for the Ca II emission (Paper VI), or for rotation as we will see later.
In Table 1 , we also give the spectral types. Spectral types for our normal dwarf stars vary for different authors from M0 to M2 (Paper VI). We chose the average spectral-type dM1. For our subdwarfs, the situation is more complex; we list the spectral types given by Gizis (1997) , although there are some inconsistencies between his spectral types and the values of R − I (see Section 4). More recently, Jao et al. (2008) proposed an improved classification, which is based on low-resolution spectra. Our evolved stars were classified as M2 III according to their R − I colour (Cox 2004) .
S T E L L A R ROTAT I O N
Because all our stars have the same spectral type, it is possible to intercompare their spectra and look for possible rotational broadening. In this context, M dwarfs have the advantage that their spectra contain a very large number of narrow photospheric lines, spread throughout the spectrum and whose width is very sensitive to rotation.
As low-activity templates, we used spectra of Gl 15A, Gl 411 and Gl 908 that we cross-correlated with other spectra in a 70 Å wide domain centred on λ5795 Å. These stars have some of the lowest activity levels, and one of them (Gl 411) is known to have a rotation period of about 48 d (Noyes et al. 1984) , which yields a rotational broadening of less than 0.4 km s −1 . The cross-correlation technique is discussed in some detail in Delfosse et al. (1998) . We measured the full width at half-maximum (FWHM) of the cross-correlation peaks by fitting a Gaussian curve. The average of the four lowactivity stars, Gl 411, Gl 908, Gl 15A and GJ 1010A, gives a width of 0.1983 Å slightly above the instrumental resolution. We believe this difference is due to the intrinsic widths of the photospheric lines.
In the Ca II equivalent width domains (see Paper VI for the Ca II data) [0.1;0.8], [0.8;3] and [3;15] Å, the widths of the crosscorrelation peaks are, respectively, 0.1983, 0.2062 and 0.294 Å. We chose these three domains of activity level because it is believed to increase with rotational velocity. Assuming that lower activity stars have no measurable rotation, comparing the first and second groups of stars yields an excess broadening of 0.008 Å which in terms of Gaussian profiles implies the convolution with a 0.057 Å FWHM Gaussian. This yields a v sin i ∼ 1.5 km s −1 . There is still at that stage a large uncertainty in the value of this 'excess broadening' because of the limited spectral resolution, but it seems to be typically in the range 1 to 2 km s −1 . It is important to note that our cross-correlation peaks have a very high signal-to-noise ratio (S/N). This is because our spectra have high S/N and because of the large number of spectral lines involved. We believe this method is adequate to measure small broadenings in M-type dwarfs. Delfosse et al. (1998) used the same instrumental setup. They quote a detection limit of 2 km s −1 , although in some instances their upper limit is as low as 1.1 km s −1 . They also used the spectrum of Gl 411 as a template. We reach the same conclusion that we can measure broadenings down to 2 km s −1 which represents a broadening of 30 per cent of the FWHM of the cross-correlation peaks (even though ELODIE can measure the 1/e half-width of the correlation profile to better than 20 m s −1 for good S/N data). We list in Table 1 (2007) also observed this systematic difference in his sample. We also note that for low v sin i our measures are slightly overestimated, possibly because of the limited resolution.
In Table 1 , we list all stars that have values of v sin i, metallicity, Ca II EW or L x . The Ca II EW and L x will be studied in a companion paper (Paper VIII). Note that in Table 1 v sin i has not been measured for all the listed stars.
We analysed our three ESO spectra (Gl 908, Gl 526 and Gl 803) in the same way. In our ESO spectra, because the wavelength domains are small, the uncertainties in the widths are large, and larger than in the ELODIE data, in spite of the higher resolution. Broadening was not detected (below 3 km s −1 ) in Gl 526. For Gl 803 (AU Mic), we obtain 5.8 km s −1 which is comparable to the value derived by Pettersen (1983) of 6.2 km s −1 using the rotation period. However, this author used a radius derived from empirical correlations whereas here we find a larger radius of ∼0.838 R . This yields v = 8.5 km s −1 , and suggests that sin i ∼ 0.68, and the inclination angle is ∼43
• . We recall, however, that there is a rather large uncertainty in the measurements from these ESO spectra.
We also list in Table 1 the v sin i measured by other authors (Marcy & Chen 1992; Delfosse et al. 1998; Reiners 2007) . The values of Marcy & Chen (1992) (hereafter MC) which are below 3 km s −1 are put in parentheses. Rotational broadening for the dMe group has long been established (e.g. Bopp & Fekel 1977; Marcy & Chen 1992) . Also, we note the connection between rotation and activity (see Hartmann & Noyes 1987 for a review). However, the existence of a global rotation-activity connection for normal M dwarfs has not yet been demonstrated. Only Reiners (2007) measured the rotational velocity of seven inactive dM stars. Here, we find the same result, i.e. the broadening of intermediate activity M1 stars is below 2 km s −1 except for Gl 150.1B and GJ 1114. We found a provisional average broadening of 1.5 km s −1 for dM1 stars. We show in Fig. 3 v sin i and the maximum rotation period (P/sin i, inferred from v sin i) as a function of stellar radius. For the v sin i figure, we can distinguish two groups: large v sin i dMe stars and small v sin i dM stars. There is one dM star with a large v sin i, GJ 1062. According to Table 1 , this star has a normal radius for a dwarf, but an Hα EW of 3.8 (see Paper VI) Å, which is far too large for an M1 dwarf. We conclude that we did not observe the right star. Accordingly, its v sin i is not that of an M1 dwarf.
As far as the period is concerned, there is no correlation with radius; our sample is more or less uniformly distributed and we note that dMes rotate faster on average, but there are also relatively fast dM1 rotators. Excluding GJ 1062, there are two dM1 relatively fast rotators. Their period is ≥10 d. They rotate rather more slowly than the dM1e stars. This relatively fast rotation comes from the fact that they have small radii, and not from a large v sin i. There is a gap between fast rotators and slow rotators: there is only one star between 20 and 10 d. This is discussed in more detail below. Our sample presently includes the detection of rotation in 7 dM1e stars and 11 dM1 stars. We also give provisional measurements for We can see two groups: large v sin i dMe stars and low v sin i dM stars. There is a gap between the two groups. In the lower panel, we note that rotation is more or less evenly spread as a function of radius. Fast rotators are found amongst both dM and dMe stars, but dMe stars have the largest radii.
11 other dM1 stars (measurements that are less than 2 km s −1 , in parentheses in Table 1 ).
As in Reiners (2007), our sample includes two distinct groups: slow and fast rotators. To illustrate this, we plot the number as a function of rotation period in Fig. 4 . Our provisional values below 2 km s −1 may be considered as upper limits. We note two groups: slow rotators with periods about 24 d and fast rotators at about 6 d. Of course, our measurements of the period are upper limits. This finding needs to be confirmed by a larger statistical sample and higher resolution observations, or by more direct measurements of the rotation periods, for instance by means of the rotational modulation in the Ca II resonance lines. Our measurements show that M dwarfs are slow rotators, with an average equatorial rotational velocity of the order of 1.5 km s −1 . The gap in rotational velocities between the dM and dMe groups further brings into question the status of dMe stars and the reason for this 'forbidden intermediate activity zone'. Indeed, this same 'forbidden zone' was also detected in the distribution of the Ca II EW for a sample of 46 measurements in Paper VI. We discussed there the possibility that dM1e stars belong to a young population of pre-main-sequence stars. This has also been discussed by other authors (see Paper VI). The dynamics of rotation strengthen this point.
S T E L L A R M E TA L L I C I T Y
We compiled the values of metallicity for our target stars from the literature (Mould 1976 (Mould , 1978 Hartwick, Cowley & Mould 1984; Jones et al. 1996; Gizis 1997; Zboril & Byrne 1998; Bonfils et al. 2005; Woolf & Wallerstein 2005) . When more than one measure was available, we averaged the values. The values for the metallicity for 35 of our target stars are listed in Table 1 .
In most cases, the above authors derived the metallicities by means of curve of growth analysis and by fitting appropriate spectral lines. Gizis (1997) used another method in his derivation of the metallicities for a set of subdwarfs and extreme subdwarfs. He derived the metallicities, spectral types and effective temperatures by comparing his spectra to the models of Allard & Hauschildt (1995) . Eight of their targets are among our selected stars. However, the spectral types he derived for these stars vary from (e)sdM1 to (e)sdM2.5! There is also some inconsistency between the R − I colours and the spectral types: for instance, LHS 479 is a sdM1 with (R − I) c = 1.112 and LHS 491 is a sdM1.5 with (R − I) c = 0.98. According to traditional spectral-type classifications (e.g. Leggett 1992) , LHS 479 should have a later spectral type than LHS 491. Such inconsistencies are probably due to the uncertainties in the fitting process. We decided to include in our sample all Gizis (1997) stars of spectral type M1 to M2.5. We excluded only LHS 320 and LHS 364 because their R − I colours were either too low or too large compared to our selection criterion. There are larger uncertainties in the values of Gizis (1997) than for other authors. Gizis (1997) quote an uncertainty of ±0.5 dex. However, we still included his data because we had very few measurements available for subdwarfs. Some of the stars in Gizis (1997) in the range M1 to M2.5 have no R − I measurements. For these stars, we took our average sample temperature of 3460 K in order to derive their radii. Note, however, that a possible error of 100 K in the temperature has a small effect on the radius.
According to stellar models (e.g. VandenBerg et al. 1983; Baraffe et al. 1998) , the stellar radius depends on metallicity for dM1 stars. We therefore plotted in Fig. 5 the radius as a function of metallicity. The resulting correlation is rather good if one considers the uncertainties in the metallicity estimates. Indeed, different authors give somewhat different estimates of metallicity for the same stars (see references therein). Note that we excluded Gl 570B because of the inconsistency between its radius and metallicity. We believe it is a slightly evolved star, similar to Gl 301A, with a radius of 1.503 R . We also excluded Gizis'(1997) measurements of LHS 410 and LHS 2852 because these stars seem to be normal dwarfs (according to their radius) and not subdwarfs. Their metallicity measurements are inconsistent with those of other authors.
In order to have a clearer picture of the radius-metallicity correlation, we smoothed our data with a Gaussian of 0.12 R FWHM. We show the resulting curve in Fig. 5 and list the values in Table 2 . This curve is easier to compare with models. From this correlation, that is probably more accurate than individual measures in the range [0.5:−1.0] dex, we have estimated the metallicity from the radius for all our stars. The values are listed in Table 1 . The smoothed curve shows that the effect of metallicity is most important for normal dwarfs, between 0.5 and −0.5 dex. It then rapidly falls for subdwarfs. The rise in the gradient for metallicities below −1.5 dex is probably due to the lack of data in this range. Indeed, one expects the metallicity to have a smaller effect on radius at low levels of metallicity. The average temperature for our M1 stars is about 3460 K. We overplot the models of VandenBerg et al. (1983) in Fig. 5 . Models were taken at the above-mentioned temperature. According to equation (15) in Paper VI, we obtain the following relation for absolute magnitude:
We used this relation to derive the radius from the magnitude for the models of VandenBerg et al. (1983) .
These models show that the variation is not linear but radius falls rapidly at small metallicity. Globally, the observed curve follows the shape of the models except below −1.5 dex, i.e. the slope increases toward smaller radii. However, there is a shift between models and observations which we believe is due to either uncertainties in the effective temperature of our targets or incomplete opacities in the VandenBerg et al. (1983) calculations.
Baraffe and collaborators also calculated M v as a function of the V − I colour for low-mass stars at three different metallicities: 0, −0.5 and −1.5 dex (Baraffe & Allard 1997; Baraffe et al. 1998) . Their set of opacities is more complete than that of VandenBerg et al. (1983) , but on the other hand, they calculated their models for only three different metallicities. According to Leggett (1992) , our mean colour (R − I) c = 1.131 corresponds to V − I = 2.09. Baraffe & Allard (1997) computed their models down to approximately V − I = 1.7 only for the metallicity −1.5 dex. Baraffe et al. (1998) Their curve is below the ZAMS and therefore underestimates the stellar radii. The authors quote possible missing opacity sources. It is also important to note that Leggett (1992) gives an effective temperature of 3390 K for (R − I) c = 1.131, whereas from Jones et al. (1994) we had 3460 K. This difference seems relatively small, but it is in fact crucial as the radius is dependent on the temperature.
We cannot exclude at this stage the role of magnetic activity in the difference between models and observations. We will see in Paper VIII that many dM1 stars are nearly as active as dM1e stars, and magnetic activity may well influence the radius even for dM1 stars.
Better determinations of the effective temperature and more calculations are required to compare to our observations. Also, more metallicity determinations are required to confirm our correlation, particularly towards small metallicities.
C O N C L U S I O N
We detected rotation in dM1 and dM1e stars down to v sin i = 2 km s −1 . We found that most fast rotators are dMe stars. In our sample, we find two groups of rotators: the fast dMe rotators with P/sin i ∼ 6 d and slow dM rotators with P/sin i ∼ 24 d, with no stars between these groups. Therefore, the distribution of rotation is bimodal in our sample. This result requires confirmation and could be of particular interest for the dynamics of red dwarfs.
We found a correlation between metallicity and radius. Models and observations show the same behaviour. Models yield smaller radii for a given metallicity, but this may be due to uncertainties in the effective temperature as well as missing opacities in the calculations, although we cannot exclude a role of magnetic activity. Also, large uncertainties remain in our data at low metallicities. From this correlation, we propose a new method to derive the metallicity directly from the radius. We calculated the metallicity for 87 stars. Potentially, we estimate that metallicity can be derived with this method for more than 200 nearby M1 dwarfs.
More observations and model calculations are required to confirm our findings, in particular for subdwarfs for which metallicity and rotation determinations are scarce.
